A new type of a loading and measuring system was developed for testing failure and deformation of rock core samples with an industrial CT (ICT) scanner. The loading and measuring system consisted of a loading system and a computer control system. The maximum servo-controlled force was 2 tonnes. The new system was a high-stiffness system with a small size. During ICT tests, rock core samples could be easily loaded in the axial direction. So the initiation, propagation, and coalescence of cracks in core samples were observed on ICT images.
Introduction
X-ray computed tomography (CT) is a medical imaging method employing tomography created by computer processing (Herman, 2009) . Digital geometry processing is used to generate a three-dimensional (3D) image of the internal structure of an object from a large series of twodimensional (2D) X-ray images taken around a single axis of rotation (Beckmann, 2006) . CT produces a volume of data which can be manipulated, through a process known as "windowing", in order to demonstrate various bodily structures based on their ability to block the X-ray beam. Although historically the images generated were in the axial or transverse plane, orthogonal to the long axis of the body, modern scanners allow this volume of data to be reformatted in various planes or even as volumetric (3D) representations of structures. Although most common in medicine, CT is also used in other fi elds, such as industry, engineering, agriculture and safety testing.
CT is a nondestructive, fast, and precise technique that is used in the industrial field for metrology in addition to the visual inspection primarily used in the medical CT scan. Medical CT scanners have been used to detect low-density materials, such as rock cores, carbon composite materials, and light alloys (Hofmann et al, 2004) . However, its use is limited in bulk materials with high density due to the lowenrgy X-ray source and its low penetration depth. Since the 1980s, special research projects on industrial CT (ICT) have been carried out in the US military. After several decades of research, industrial CT is now being developed towards a quantitative inspection technique, which uses high-energy X-ray equipment to produce 3D representations of components both externally and internally. Industrial CT scanning has been used in many areas of industry for internal inspection of components. Some of the key uses for CT scanning have been flaw detection, failure analysis, metrology, assembly analysis, and reverse engineering applications (Conroy and Vannier 1984; Holler and Kögler 1990; Muzi et al, 2004) .
Compared with conventional medical CT scanners, ICT scanners were widely used to study the rock fracture mechanics. ICT can obtain 2D or 3D images of test samples, and the space displacement, shape and dimensional information can be obtained from the images directly. Traditional medical CT tests project the three dimensional objects to two-dimensional plates and the images are overprinted. It is hard to detect the precise location and obtain quantitative measurement. ICT has excellent density resolution and some of the high quality images can get 0.3%. It is higher than traditional nondestructive testing. The dynamic response range of the detector is 10 6 which is higher than fi lm and image enhancement.
Several loading systems were designed for ICT scanners with which the rock performance was investigated. Ge et al (1999) designed a triaxial loading cell for the medical CT scanner to provide control of the applied pressure in three principal loading directions and then the faulting in coal samples was observed and recorded with the scanner. Tian et al (2010) developed a dynamic loading apparatus for CT experiments (medical CT) of concrete samples and the initiation, propagation, and coalescence of fractures in the concrete samples observed on CT images. However, these loading systems were specially designed for medical CT scanners, and they were not suitable for ICT scanners due to the limits of the rotation stage. So it is very important to
Drive transmission design of the loading system
A number of power transmission options were examined in order to determine the optimal transmission scheme for design of this automatic loading system. The main criteria in evaluating these different options were the mechanical effi ciency of the system from the motor and the limited space on the rotation stage in the ICT. Ge et al (1999) monitored rock deformation by means of medical X-ray CT. Tian et al (2010) developed a dynamic loading and unloading system for medical CT scanners, which was used to investigate concrete failure. EPHL University in Switzerland developed a loading system for medical CT scanners (Viggiani et al, 2004) . Another mechanical system for CT scanners was studied in Washington State University (Razavia, 2006) . Lenoir et al (2007) designed a loading system for CT with axial loading max 7.5 kN and min 1 μm/min, the whole equipment was high precision, very complex and expensive. Some research was focused on the hydraulic control system, but this system is unsuitable for the rotation stage in ICT. The gear transmission would allow for the motors to be mounted vertically and offers high gear ratios and help to minimize the width of the system size. The final option is a gear transmission. An 110LY-02 servo motor was used to drive the gear transmission to automate the loading unit. On the manual loading process for ICT, one has to enter and exit the ICT scanner room many times for loading and unloading during ICT scanning. This is time-consuming. Horeover, using the automatic loading and measuring system for ICT, dynamic loading and real-time control are achieved. Of course, during scanning the force remains constant by using a self-looking mechanism.
Control system design of the loading system
The stage on the ICT is rotary so the power supply for the loading system fi xed on the stage is a problem. Therefore a rotary power supply system was designed to solve this problem. The power was supplied with the power line to the loading apparatus on the stage. On the other hand, the designed control system consisted of the host computer in the master-control room and lower embedded system in the loading apparatus in the ICT room. The host computer in the master-control room could control the motor to obtain the dynamic loading force in the ICT room through the wireless signal transmission module to the embedded system. At the same time, all kinds of the signals from the sensors were sent to the host computer and user-friendly software was developed for real-time control. Compared with the manual loading system on ICT, it is convenient to operate the newtype automatic loading system.
Test procedures and results
The core samples for this apparatus were Φ25mm×50mm, Φ25mm×25mm or Φ50mm×50mm (Φ25mm×50mm, 25 mm in diameter and 50 mm long). The static and dynamic forces were loaded using the designed loading system during CT scanning. The samples were set in the acrylic plastic vessel which was fixed on the top of the main framework and the loading apparatus was set on the rotation stage in the ICT scanner. The host computer controlled the loading force by communicating with the lower embedded system in the loading apparatus. The ICT scanner generates images which can discriminate the materials' instability and deterioration failure as well as corresponding characteristic of the precursory phenomenon from the interior's images. The samples were loaded in a mechanical testing machine to determine their operating force range before the ICT loading test. The acquired images illustrate by single ICT slices from core sample as shown in Fig. 4 . Left views are direct ICT acquired images from the sample that was scanned under a certain loading force. In that case, the images are represented by changing the single-axial force in each of the slices. The ICT images from left to right (as shown in Fig. 4) are the correspondent slices from a scan. Test procedures are that the samples were loaded by changing the single-axial force until the sample were deformed and then by adjusting the loading force and the maximum destruction force of the sample was recorded as shown in Fig. 5. Fig. 5 shows the relations 
Conclusions
The components and features of the designed wireless automatic loading system are introduced in this paper.
1) The designed loading system is robust, low production cost and simple operation compared with manual loading system and some automatic loading systems in the area.
2) The designed loading and measuring system better illustrates axial failure by effectively visualizing rock core deformation and evaluates the amount of damages which present in each rock core and relates them with sample properties. Moreover, this system can automatically record the relation curve of the deformation displacement and loading force.
3) The automatic loading system consists of the software monitor system in the control room and the mechanical system in laboratory. The host computer can process a mass of data from the real-time condition. So it meets the dynamic
